Abstract. Single-photon generation using InAs quantum dots in pillar microcavities is described. The effects on performance of the excitation wavelength and polarization, and the collection bandwidth and polarization, are studied in detail. The efficiency and photon state purity of these devices have been measured, and issues affecting these parameters are discussed. Prospects for improved devices are also discussed.
Introduction
An ideal single-photon source produces exactly one photon in a definite quantum state, in contrast with a 'classical' source, such as attenuated laser pulses, for which the photon number follows a Poisson distribution. Much progress has been made recently towards such devices, especially in suppressing the probability of emitting two photons in the same pulse. Large two-photon suppression has been observed using single-quantum emitters such as molecules [1, 2] , diamond colour centres [3, 4] , atoms [5] , impurities in semiconductors [6] and quantum dots [7] - [11] . Significant progress has also been made in increasing the efficiency of these devices [12, 13] , and in increasing the purity of the quantum states produced [14] .
Much of this work has been motivated by proposed applications in quantum information, such as quantum cryptography (for a review see [15] ), quantum networking (for a review see [16] ) and linear-optical quantum computation [17] . For some implementations of quantum cryptography, such as BB84, the purity of the photon states is not very important, and even the efficiency does not need to be high in cases where the source must otherwise be attenuated to avoid photon-splitting attacks [18] . However, quantum networking and linear-optical quantum computation place much higher demands on the performance of a single-photon source, including the efficiency and the purity of the photon states. In linear-optical quantum computation, the requirements on the photon source, as well as the other optical components, are quite difficult, but theoretical advances may relax some of these requirements [19] .
Semiconductor quantum dots [20] have already produced promising results as singlephoton emitters. The main difficulty with quantum dots is that they interact with a solidstate environment, necessitating cryogenic operation temperatures, and yet environment-induced decoherence is still a problem. However, these difficulties are offset by advantages such as being fixed in place, large dipole moments, and the possibility of integration into monolithic optical microcavity structures [21] - [23] . Using quantum dots embedded in pillar microcavities, we have obtained two-photon suppression factors as large as 40 [11] , improved efficiencies [13] and photon state purities such that the mean wavepacket overlap between consecutive photons is as high as 0.8 [14] . The present study explains some of the details of operation of these devices, including examples of how the performance depends on the excitation and collection parameters. We also discuss some limitations of the current approach, based on rapid incoherent excitation followed by spontaneous emission, and possibilities for improved devices.
Device structure and operation
The structure of the most recent devices for which we have completed measurements is shown schematically in figure 1(a) . One or more InAs quantum dots, surrounded by a GaAs matrix, are embedded in a micropillar optical cavity. The quantum dots serve as the single-photon emitters. The optical microcavity serves to modify the spontaneous emission properties of the quantum dot through the Purcell effect [24] . When a radiative transition of the quantum dot is on resonance with a cavity mode, if the quantum dot couples much more strongly with this mode than to the background 'leaky' modes, the spontaneous emission rate can increase substantially and light is emitted mainly into the cavity mode.
The quantum dots and a planar microcavity were grown together by molecular-beam epitaxy (MBE). The quantum-dot layer, formed through self-assembly, contains dots with a density of approximately 25 µm −2 . The quantum dots are centred within a GaAs spacer layer one optical wavelength thick (274 nm), which is sandwiched between two distributed-Braggreflector (DBR) mirrors. The DBR mirrors consist of alternating layers of GaAs and AlAs, with designed thicknesses of 68.6 and 81.4 nm, respectively, which are both approximately one-quarter wavelength thick. The wafer was etched to form micropillars, about 5 µm tall, using sapphire dust particles as etch masks. These particles were spread randomly onto the sample, and had a distribution of sizes and shapes, leading to pillars with diameters ranging from 0.3 to >5 µm, as seen in figure 1(b) . The straightness of the pillar sidewalls results from a particular etching process, chemically assisted ion-beam etching (CAIBE). The pillar structures served as three-dimensional optical microcavities, with quality factors as large as 1270 and mode volumes of only a few cubic wavelengths. Often, the fundamental mode was observed to have polarization non-degeneracy, due to asymmetry in the pillar cross-sections, with wavelength splittings of the order of 1 nm. The cavities produced measured spontaneous emission rate enhancement factors as large as 5 [11] . As a result, the spontaneous-emission lifetime for quantum-dot radiative transitions on resonance with a cavity could be as short as 100-300 ps. It is usually acceptable to have several quantum dots contained within a pillar, since the emission wavelengths of the dots vary randomly over a wide distribution due to fluctuations in size and composition.
The operation scheme is shown in figure 1(c). A short (2-3 ps) optical pulse generated by a tunable Ti-sapphire laser raises the quantum dot into an excited state containing one electronhole pair. The quantum dot then quickly relaxes (with a timescale of the order of 10 ps) to a lowest excited state. This state then decays through a much slower spontaneous emission process (100-300 ps) to emit a single photon. The spontaneous emission is collected and sent through a narrow-band (0.1 nm) spectral filter. This not only removes background emission from the sample, but also protects against events in which the quantum dot receives multiple excitations. In these events, multiple photons are emitted, but each photon has a unique wavelength, as a result of the electrostatic interactions between particles inside the quantum dot, leading to energy shifts of the order of meV [25] .
In the experiments described below, the sample was cooled to temperatures ranging from 3 to 10 K using a liquid-helium continuous-flow cryostat. In this cryostat, the sample could be positioned close to a thin window, so that high-resolution imaging was possible. Devices on the sample were excited, unless noted otherwise, from a steep angle by a laser beam. The resulting emission was collected from above with a lens (0.5 numerical aperture), imaged onto a pinhole to control the collection region on the sample and sent to various measuring devices.
Effects of excitation and collection parameters
The way in which the quantum dot is excited by the laser, and the way in which the emitted photons are filtered, have a large effect on the performance of a single-photon device. Here, we describe the effects of excitation wavelength and polarization, and of collection bandwidth and polarization.
We have two general methods of exciting a quantum dot optically. In above-band excitation, the laser frequency is tuned above the bandgap of the GaAs material surrounding the quantum dot. In this way, many free electrons and holes are created, some of which then relax into lowerenergy wetting layer levels, and then into localized quantum dot states. In resonant excitation, the laser frequency is tuned below the GaAs and wetting-layer continuum states, and the quantum dot is excited directly, as in figure 1(c) .
The different behaviours produced by these two excitation methods are apparent in the photoluminescence spectra. In figure 2(a) , a device which we designate as dot A was excited at 750 nm, above the GaAs bandgap, whereas in figure 2(b), this device was excited resonantly at 909 nm. Many more bright spectral lines are observed in the above-band case. One reason for this is that, with above-band excitation, electrons and holes are added to the quantum dot separately, leading to a fluctuation of the charge of the quantum dot. In this way, charged-exciton (trion) states are frequently produced, which emit at unique wavelengths. In addition, the spectral lines in figure 2(a) could originate from more than one quantum dot within the pillar. With resonant excitation, it is possible to selectively excite a single quantum dot. Another difference between the two spectra is the presence of some weak broadband emission in figure 2(a) . The origin of this broadband emission is uncertain, but perhaps it is due to the influence of nearby charges on the recombination wavelength of excitons within the quantum dot. The position of this emission marks the fundamental (polarization-non-degenerate) optical cavity modes of this pillar, since emission on resonance with these modes is enhanced through the Purcell effect. This broadband emission provides a way of locating the cavity modes and determining their quality factors. In figure 2(c), the above-band excitation was used again, with the laser power greatly increased to saturate the quantum-dot emission. In this case, the shapes of the cavity modes are more easily seen, and the polarization non-degeneracy is also apparent.
The excitation parameters, as well as the collection filtering parameters, are important for eliminating two-photon events. Photon correlation data from dot A are shown in figure 3 to demonstrate this point. These data were obtained with a Hanbury Brown and Twiss-type set-up, which has become quite standard. Our set-ups are described in more detail elsewhere [8, 14, 26] . The collected emission from the quantum dot is spectrally filtered and split into two paths by a beamsplitter, each path leading to a photon counter. Coincidence-counting electronics generates a histogram of the relative delay τ = t 2 − t 1 between photon detection events at counters 1 and 2. The peak at τ = 0 corresponds to events in which two photons were detected in the same pulse, and thus the first goal in developing a single-photon source is to make the area of this peak as small as possible. The peaks at τ = nT rep , where n is a non-zero integer, and T rep = 13 ns is the laser repetition period, correspond to events in which one photon was detected from each of two different pulses. These peaks provide information about long-time-scale memory effects (blinking) in the quantum dot.
The photon correlation data in figure 3(a) were obtained from dot A under pulsed, aboveband excitation at 750 nm. The light was collected from the bright emission line at 932 nm in figure 2. The spectral filtering bandwidth was about 0.4 nm. The laser power was set in this case such that the collected count rate was less than one-half of its saturated value. The two-photon suppression relative to an equivalent Poisson source can be estimated by comparing the area of the central peak with the areas of the more distant side peaks. In this way, we estimated that the probability of emitting two photons in the same pulse was approximately g (2) 0 = 0.3 times that for a Poisson-distributed source of the same intensity. This is unremarkable compared with other single-photon sources and, furthermore, there is some ambiguity in calculating this value due to the background floor between the peaks. These background counts originate from actual emission from the device. The calculated peak areas depend on what integration window is used. This choice depends on what assumptions one is willing to make about the ability to perform time gating in an actual application.
Three problems related to the above-band excitation process are probably responsible for this poor performance. First, the process by which free electrons and holes created in the surrounding GaAs are captured into the quantum dot is more complicated than in the resonant-excitation case. The capture process can last longer, and if electrons and holes are injected randomly into the quantum dot over a time interval that is not negligible compared with the exciton recombination lifetime, it is possible for the quantum dot to capture an additional electron-hole pair after a first excitonic photon has been emitted. When this occurs, multiple photons are emitted at the single-exciton wavelength. Secondly, the broadband emission surrounding the main emission line in figure 2(a) contaminates the signal. Finally, the background floor that fills the entire region between the peaks in the photon correlation histogram suggests an additional, long-timescale component of the carrier capture process. This is observed despite the fast (<60 ps) rise-time seen in streak-camera measurements under above-band excitation. The origin of this additional slow component is uncertain, but we typically observe it only with above-band excitation.
In figure 3 (b), resonant excitation was used, again with a collection bandwidth of approximately 0.4 nm. The performance is considerably improved. The background floor between the correlation peaks has disappeared almost entirely, and g (2) 0 is now only about 0.11. We attribute this improvement to the much shorter relaxation process that must occur following the excitation pulse. In figure 3(c), resonant excitation was again used, but with a narrower collected spectral bandwidth of approximately 0.1 nm. This further improved the g (2) 0 value to 0.05. This spectral filtering was accomplished by collimating the collected light, sending it to a diffraction grating (1800 grooves/mm), and focusing the first-order diffraction into a single-mode fibre. We estimate that the coupling efficiency into the fibre was about 50%.
An additional difference in the photon correlation data between the above-band and resonant excitation cases is the behaviour of the side peaks. In the above-band case, the innermost side peaks near τ = 0 are smaller, compared with the more distant ones. In the resonant case, the innermost side peaks are larger. In fact, if one plots the areas of these side peaks versus peak number, the behaviour is typically well described by a simple two-sided decaying exponential. We have studied this behaviour in detail in reference [26] . This behaviour most likely originates from charge fluctuation within the quantum dot. With above-band excitation, singly charged states are a necessary intermediate step in bringing the quantum dot from its empty state to a single-exciton state, containing one electron-hole pair. With resonant excitation, entire excitons are created directly within the quantum dot, and singly charged states are unwanted shelving states that can produce the observed blinking behaviour.
So far, we have only discussed the advantages of resonant excitation in terms of decreased multi-recombination events and reduced background emission. However, another possible advantage is that the exciton population statistics in the quantum dot can be made sub-Poissonian. In this case, the emitted light can be sub-Poissonian even before spectral filtering. This is a difficult issue to study with microcavity devices, since the microcavity already acts as a spectral filter, attenuating the single-and multi-exciton lines unequally [27] . However, previous measurements on a sample containing quantum dots in simple mesa structures indicate that it is possible to control the photon emission statistics to a large extent simply by varying the excitation wavelength. This other sample is described in more detail elsewhere [8, 28, 29] . For the measurements to be described next, emission was collected from a quantum dot which we designate dot B, having a single-exciton emission wavelength of 876.1 nm and a bi-exciton wavelength of 877.3 nm. The collected emission was filtered with a 2 nm bandwidth, centered such that both the single-and bi-exciton wavelengths were collected. Figure 4 (a) shows a photoluminescence excitation (PLE) curve for this quantum dot. The intensity of the single-exciton line was measured as the laser wavelength was varied. The arrows indicate the excitation wavelengths used for the photon correlation measurements. When the laser is tuned to the PLE resonance at 858.7 nm, the emission intensity approximately follows I/I 0 = 1 − e −P/P 0 , where I and P are the collected intensity and the excitation power, respectively, and P 0 and I 0 are parameters characterizing the saturated power and intensity. For the photon correlation measurement in figure 4(b) , the laser was tuned to this resonance, and the excitation power was set such that P/P 0 ≈ 0.75. The result shows antibunching, even though both the single-and bi-exciton lines were collected. The strength of this effect decreases as the laser power increases. When the laser is tuned slightly to lower energy, as indicated by the other arrow in figure 4(a) , the opposite behaviour is observed. Figure 4 (c) shows a photon correlation measurement with below-resonant excitation, and the same power as before. The large central peak indicates photon bunching, or super-Poisson statistics.
This behaviour can be explained as follows. We assume here that the laser pulse excites the quantum dot almost instantaneously compared with the exciton recombination lifetimes. The excitation then decays through a radiative cascade, with each electron-hole pair producing one photon. If we consider only the single-and bi-exciton emission, it can be shown that
where n is the collected photon number in a single pulse, P 1 the probability of the dot to emit just one photon, P 2 the probability to emit two photons and we define x such that P 2 = 1 2 xP 2 1 . Note that the measured g (2) 0 is independent of collection efficiency. When we primarily excite a one-photon transition, as in figure 4(b) , we expect x < 1, and thus g (2) 0 < 1. In figure 4(c) , the below-resonant laser can excite a two-photon transition, such that 2E ≈ 2E X − E b , where E is the laser photon energy, E X the single-exciton energy and E b is a bi-exciton binding energy. When this two-photon transition is favoured, we can have x > 1, and thus g (2) 0 > 1 if P 1 is small. For this quantum dot, E b = 1.9 meV has been measured for a bi-exciton in its lowest-energy state, although in the excitation scheme we are considering, a bi-exciton would be created in an excited state, and thus E b is not known. The bunching effect observed here is different from the large cross-correlation that can be observed between the single-and bi-exciton lines when the probability of creating a single exciton is much smaller than one [30] . Observation of the cross-correlation effect requires that one photon counter collect only the bi-excitonic emission. In the measurement described here, both photon counters detected both the single-and bi-exciton emission. Finally, we consider the issue of polarization, both for excitation and collection. If one can control the polarization of the emitted photons, this effectively becomes a factor of 2 improvement in efficiency compared with the random case. Furthermore, selecting the correct polarization is important for the coherence properties of a single-photon source.
It is known from PLE studies in quantum dots [31] that the laser polarization can be used to control the quantum-dot emission polarization, at least to a certain extent. This can be true even when the laser is resonant with an excited state of the quantum dot, and intraband relaxations occur before a photon is emitted. In our samples, we typically observe large polarization anisotropy, resulting from asymmetry in the quantum-dot structures. It is known that asymmetry can cause the single-exciton line to split into two components with orthogonal linear polarizations, through the electron-hole exchange interaction [32] . Thus, we can only control the polarization in a linear basis. For the pillar cavity structures, the issue is further complicated by the fact that the cavity can have a polarization splitting of the fundamental mode, as is apparent in figure 2(c) . However, figure 5 shows the results of an attempt to control the emission polarization of dot B, which does not have an optical cavity, through the excitation polarization. In these particular measurements, the quantum dot was excited from directly above the sample, through the collection lens. Eight different excitation polarizations were used, as listed in the figure caption. The last two excitation polarizations are specified by Stokes vector components in the 
The corresponding emission polarizations are plotted on a Poincaré sphere. For most excitation polarizations, the emission occurs preferentially along a mostly linear polarization, H B . Only for a specially chosen excitation polarization, the orthogonal polarization V B was made to dominate. The collected H B -polarized emission was generally stronger than the V B emission for this quantum dot. Anisotropy in efficiency was typical for quantum dots on this sample.
When a quantum dot with asymmetry-induced polarization splitting is placed inside an optical cavity that also has polarization splitting of its fundamental mode, interesting effects can be observed, especially if the asymmetry axes of the quantum dot and those of the cavity nearly coincide. Quantum dot A, introduced above, shows such behaviour. This quantum dot has narrow enough linewidths that the asymmetry-induced splitting can be spectrally resolved. To perform high-resolution spectroscopy, we sent the collected emission into a Michelson-type interferometer. The interference fringe contrast was recorded as a function of the difference in path lengths between the two arms of the interferometer. The result for this quantum dot, when both polarizations were collected, is shown in figure 6(a) . The observed oscillations indicate a doublet with an energy splitting of about 13 µeV. When the individual components of this doublet, which we designate as H A and V A , are collected, the oscillations disappear, as shown in figure 6(b) . Instead, we observe a simple two-sided exponential decay, corresponding to a Lorentzian line shape. Interestingly, the decay constants (coherence lengths) of the two components differ.
This difference in coherence length is caused by the cavity mode splitting. As can be seen in figure 2(c) , the emission line at 832 nm is nearly on resonance with the H A -polarized cavity mode, but fairly far off of resonance with the V A -polarized mode. As a result, the H A -polarized exciton state in the quantum dot receives a larger Purcell enhancement than the V A -polarized component. This was confirmed directly through polarized spontaneous emission lifetime measurements. The shorter lifetime of the H A -polarized emission (170 ps) compared with the V A -polarized emission (320 ps) is reasonably consistent with the shorter coherence length.
Thus, the choice of excitation and collection polarizations can affect the behaviour of a single-photon source. For the pillar devices we tested, whenever we could resolve a polarization splitting, we selected only the brighter of the two polarizations through our collection optics. Then, we adjusted the excitation polarization to optimize the intensity of the chosen component. In this way, we achieved g (2) 0 values as low as 0.02 [11] .
Efficiency and photon state purity
Finding devices with small g (2) 0 values on this sample was not difficult. Most devices that emitted bright spectral lines on resonance with a cavity mode could produce large two-photon suppression factors under the excitation and collection conditions described. Efficiency and photon state purity are more difficult issues, however. These depend critically on the microcavity characteristics, and on non-ideal aspects of quantum dots.
The total efficiency depends on several factors. First is the efficiency of the laser excitation. It has been shown that the quantum dot can be driven to saturation with only a moderate increase in the g (2) 0 value [8] . However, the blinking effects we have observed indicate that, even at saturation, the quantum dot is not prepared deterministically in a single-exciton state. This is due to shelving states that are probably charged states [26] . This blinking effect could reduce the internal quantum efficiency by a factor of ≈2. Furthermore, if the single-exciton state is not prepared with a definite polarization, the efficiency is further reduced, assuming we want just one polarization. When the correct single-exciton state is successfully prepared, the efficiency of emitting a photon into the cavity mode is approximately β = γ c /(γ c + γ l + γ nr ), where γ l is the spontaneous emission decay rate into leaky modes, and γ nr is the nonradiative decay rate (often assumed to be small in InAs quantum dots). In the best case, when the quantum dot is located at the field maximum of the cavity mode and is tuned exactly on resonance, γ c is given by [23] 
Here, Q is the quality factor of the cavity, λ n the effective wavelength in the semiconductor medium, V the effective mode volume and γ 0 the radiative decay rate expected in a bulk semiconductor. We have measured quality factors as high as Q = 1270, and the mode volume could be expected theoretically to be of the order of a few cubic wavelengths, so that we might expect γ c /γ 0 ≈ 50 in the best cases. However, the measured increase in the decay rate when a quantum dot was on resonance with a cavity, (γ c + γ l + γ nr )/(γ 0 + γ nr ), seldom exceeded 5. This was probably caused by a combination of factors, including random location of the quantum dot relative to the field maximum, unknown pillar diameters and random dipole orientation. Nevertheless, once a rate enhancement factor of 5 due to the microcavity resonance is observed, it is known that spontaneous emission into the cavity mode is the dominant decay path from the single-exciton state. Finally, the efficiency depends on how much of the light that escapes from the cavity can be collected by a lens. In our set-up, we used a collection lens with a moderate numerical aperture of 0.5. The best total efficiencies measured immediately after this lens for devices on the sample described here were less than 10%, and efficiencies of only a few percent were common. An efficiency of 8% after the collection lens was reported in [13] for a different sample, and higher outcoupling efficiencies were inferred based on numerical simulations that predicted that the divergence angle of the light escaping from the top of the cavity exceeded the numerical aperture of the collection lens.
The purity of the photon states produced depends on at least four factors: the relaxation rate from the higher-energy single-exciton state produced by the laser to the lowest-energy exciton state, the exciton decay rate, the pure dephasing rate and polarization splitting. In the ideal case, with instantaneous initial relaxation and no pure dephasing, the time dependence of the emitted photon wavepacket in a rotating frame can be written as
where γ is the spontaneous-emission amplitude decay rate, and a † (t) creates a photon at time t. A simple way to model a finite relaxation rate r from the upper state, and also include a pure dephasing process is to replace the pure state above with a random state,
where t 0 is a random variable with probability density re −rt 0 for t 0 > 0 and zero otherwise, and φ(t) is a random function whose probability distribution describes the pure dephasing process. For the simple case of a time-invariant pure dephasing process and a Lorentzian emission spectrum, e iφ(t) e −iφ(t+τ) = e −α|τ| , where α = 1/T * 2 is the rate of pure dephasing. The spectral linewidth (FWHM) in this case is ω = 2/τ c = 2(γ + α).
Polarization splitting could be an additional complication in cases where we cannot isolate just one component of a polarization-split doublet using a polarizer. This could occur, for example, if the quantum-dot asymmetry axis is misaligned with the cavity-mode splitting axis, and in this way the cavity distorts the polarization. In these cases, the collected photons will contain two distinct frequency components. The photon state can only be a pure state if these two frequency components occur as a definite linear superposition. This depends on the details of the relaxation process.
As described in more detail in [14] , we have performed measurements to test the purity of the photon states produced by these devices. Results for two devices, dot A described above and another device, dot C, are shown in figure 7 . In figure 7(a) , time-resolved spectroscopy using a streak camera system was used to estimate intensity decay times τ r = 1/(2γ) of 166 and 171 ps for particular emission lines of dots A and C, respectively. For dot A, the same line was studied as discussed previously, and the H A -polarized component was selected. For dot C, an extremely bright line was found at 919.5 nm, and the quantum dot producing it was resonantly excited at 905 nm. The emission from this pillar was already strongly polarized in one direction. In figure 7(b) , measurements on the same spectral lines using the Michelson-type interferometer are shown. From these measurements, we can infer the shapes and widths of the emission lines. The spectral line from dot A has a predominantly Lorenztian shape with a 1/e coherence length τ c = 223 ps. The line from dot C has a predominantly Gaussian shape, and the 1/e coherence length is only 44 ps. A simple measure of the purity of the photon states is the ratio 2τ r /τ c . For ideal photon states as in equation (3), this ratio is equal to unity, but with the addition of pure dephasing, the ratio increases. For dot A this ratio is approximately 1.5. For dot C this ratio is less meaningful, since the spectrum is non-Lorenztian, but we obtain a value of about 8. Most quantum-information applications of single-photon sources require pure photon states because they employ two-photon interference in their schemes. The simplest example of twophoton interference is the Hong-Ou-Mandel experiment [33] - [35] : if two independent photons with identical wavepackets collide at a 50-50 beamsplitter, they always exit together, randomly choosing a side. They never exit in opposite directions. However, if the photons do not have identical wavepackets, they can behave independently, and the two-photon interference effect is reduced. A useful way to characterize photon state purity is to define a two-photon interference visibility, V 2 = (P same − P opp )/(P same + P opp ), where P same is the probability for two photons to exit in the same direction, and P opp is the probability for them to exit in opposite directions. It can be shown that V 2 is equal to the mean magnitude-squared overlap between the wavepackets of the two photons. For the photon states in equation (4), the mean overlap is
In the limit r → ∞, this is equal to the inverse of the ratio 2τ r /τ c measured above. It is possible, however, that the mean overlap between two consecutively emitted photons could be larger, if some of the spectral broadening results from a slow spectral-diffusion process. As described in [14] , we tested this experimentally, by exciting the quantum dot twice by laser pulses 2 ns apart and arranging for the photons emitted in response to these pulses to collide sometimes at a beamsplitter. The beamsplitter outputs were measured with photon counters. The probability of two photons that meet at the beamsplitter to exit in opposite directions was estimated from measured coincidence rates. A small delay was also added which allowed the overlap between the photons to be adjusted. The results for dots A and C are shown in figure 7(c).
The results indicate maximum overlaps of 0.70 and 0.33 for dots A and C, respectively. These increase to 0.81 and 0.38 after correcting for known imperfections in the set-up. These values are larger than the inverses of the 2τ r /τ c ratios given above. The widths of the coincidence dips, estimated by fitting a simple function of the form 1 − a exp(−| t|/τ m ) are 186 and 179 ps for dots A and C, respectively. These are close to the measured spontaneous emission decay rates, as expected theoretically.
Future improvements
Although the present results are encouraging, the efficiency and the photon-state purity must be improved further if these devices are to be useful for many quantum-information applications. The main possibilities for improvements are to reduce the pure dephasing rate, to improve the cavity design and Purcell factors, and to modify the excitation scheme.
One of the most important questions for these devices is what is the dominant source of pure dephasing. The lack of a strong temperature dependence below 7 K, and the wide variety of linewidths observed on this sample, suggest that for most of the devices, interaction with phonons is not the dominant pure dephasing mechanism.Another mechanism could be interaction with nearby charges [36] , perhaps on pillar surfaces or in other quantum dots. In this case, experimentation with fabrication methods might yield improvements.
Both the efficiency and photon state purity could be increased by improving the optical cavities. Photonic-bandgap cavities could be used, for example [37] . However, equation (5) suggests a limit on how much the spontaneous emission rate γ should be increased through the Purcell effect. The two-photon interference visibility reaches a maximum when γ = √ αr/2. When γ is increased further, the photon wavepackets become too short relative to the time uncertainty associated with the initial relaxation into the lowest-energy single-exciton state. For reasonable parameter values 1/α = 1 ns and 1/r = 10 ps, this gives τ r = 1/(2γ max ) ≈ 70 ps. This is not much shorter than the shortest lifetimes already observed with the present devices. Therefore, the benefits of improved cavities will be lost unless the time uncertainty in the excitation process can be reduced.
This time uncertainty is a result of the incoherent excitation scheme we have adopted. This scheme was chosen for its experimental simplicity. Eventually, however, one must consider coherent excitation schemes, such as vacuum-stimulated Raman processes [5, 38] , that have been studied in the development of atomic single-photon sources. Such schemes might be possible with quantum dots as well [39] .
